A number of natural phytochemicals have anti-photoaging properties that appear to be mediated through the inhibition of matrix metalloproteinase-1 (MMP-1) expression, but their direct target molecule(s) and mechanism(s) remain unclear. We investigated the effect of naringenin, a major flavonoid found in citrus, on UVB-induced MMP-1 expression and identified its direct target. The HaCaT human skin keratinocyte cell line and 3-dimensional (3-D) human skin equivalent cultures were treated or not treated with naringenin for 1 hr before exposure to UVB. The mechanism and target(s) of naringenin were analysed by kinase assay and multiplex molecular assays. Dorsal skins of hairless mice were exposed to UVB 3 times per week, with a dose of irradiation that was increased weekly by 1 minimal erythema dose (MED; 45 mJ/cm 2 ) to 4 MED over 15 weeks. Wrinkle formation, water loss and water content were then assessed. Naringenin suppressed UVB-induced MMP-1 expression and AP-1 activity, and strongly suppressed UVB-induced phosphorylation of Fos-related antigen (FRA)-1 at Ser265. Importantly, UVB irradiationinduced FRA1 protein stability was reduced by treatment with naringenin, as well as with a mitogen-activated protein kinase (MEK) inhibitor. Naringenin significantly suppressed UVB-induced extracellular signal-regulated kinase 2 (ERK2) activity and subsequently attenuated UVBinduced phosphorylation of p90 RSK by competitively binding with ATP. Constitutively active MEK (CA-MEK) increased FRA1 phosphorylation and expression and also induced MMP-1 expression, whereas dominant-negative ERK2 (DN-ERK2) had opposite effects. U0126, a MEK inhibitor, also decreased FRA1 phosphorylation and expression as well as MMP-1 expression. The photoaging data obtained from mice clearly demonstrated that naringenin significantly inhibited UVB-induced wrinkle formation, trans-epidermal water loss and MMP-13 expression. Naringenin exerts potent anti-photoaging effects by suppressing ERK2 activity and decreasing FRA1 stability, followed by down-regulation of AP-1 transactivation and MMP-1 expression.
Introduction
Epidemiological evidence and molecular studies suggest that exposure of the skin to ultraviolet (UV) light (i.e. sunlight) can induce photoaging [1] [2] [3] [4] [5] . Photoaged skin is biochemically characterized by a dramatic decrease in collagen and increases in matrix metalloproteinase-1 (MMP-1), or interstitial collagenase, which is considered the major collagenase involved in photoaging in response to UV irradiation [3] . In normal biological processes such as embryonic development, organ morphogenesis, wound healing and angiogenesis, MMP-1 is precisely controlled by tissue inhibitors of MMPs [3] . Chronic exposure of the skin to UV, however, causes abnormal MMP-1 expression [1] . Once activated, MMP-1 directly binds to collagen and degrades it to gelatin, which is then further decomposed by a gelatinase such as MMP-2 or -9 [6] . The results of an earlier study have shown that low-dose UV irradiation can induce MMP-1 and wrinkle formation, and inhibition of MMP-1 expression by the downregulation of AP-1 with all-trans retinoic acid (ATRA) consequently prevents UVB-induced photoaging [1] .
Fos-related antigen 1 (FRA1), a member of the Fos family (c-Fos, FosB and FRA2), dimerizes with Jun family proteins (c-Jun, Jun D, and Jun B) to form the activator protein-1 (AP-1) transcription factor complex [7] , which regulates cell survival, proliferation, motility, and invasiveness [7] [8] [9] . Fos-related antigen 1 plays an important role in the formation of AP-1 complexes, which regulate the expression of specific genes such as MMP-1 [8, 10] . Protein stability is a major regulatory outcome of FRA1 protein expression, and extracellular signalregulated kinase (ERK)1/2 signalling is an important mediator of FRA1 protein stability [7] . UVB irradiation increases not only ERK1/2 and AP-1 activity in JB6 P+ cells [11] , but also FRA1 expression and AP-1 DNA-binding activity in human HaCaT keratinocytes [2] . Extracellular signal-regulated kinases play a critical role in numerous cellular processes, including proliferation, differentiation, survival and motility [9] . In a conditional knockout system, ERK2 was revealed to be involved in memory and learning [12] . Extracellular signal-regulated kinase 1 knockout mice are viable, fertile and of normal size, but exhibit a twofold reduction in mature thymocytes [13] . However, a critical role for ERK1/2 in UV-induced MMP-1 expression has not been clearly demonstrated because of the embryonic lethality of ERK2 knockout mice [12] .
Although ATRA is an effective and well-known anti-photoaging agent, several studies have indicated that it might have unfavourable side effects [14, 15] . Flavonoids are benzo-c-pyrone derivatives with various numbers of hydroxyl substitutions in their structures. Narin- (3, 3 0 ,4 0 ,5,5 0 ,7-hexahydroxyflavone). (B) Naringenin and ATRA inhibit UVB-induced MMP-1 expression in HaCaT cells. The supernatant fraction was used for analysing MMP-1 expression. Data are representative of three independent experiments that gave similar results and the asterisk (*) indicates a significant difference (P < 0.05) between treated and untreated cells. (C) Naringenin inhibits UVB-induced MMP-1 expression in 3-D human skin equivalent cultures. The 3-D human skin equivalent cultures were incubated for 10 days and treated with UVB alone or with naringenin and UVB. Samples were analysed by immunofluorescence to detect MMP-1. Representative photos are shown. MMP-1 expression is evident from the red staining. Nuclei in sections are counterstained with DAPI (blue). (D) Naringenin inhibits UVB-induced AP-1 luciferase activity. The AP-1 luciferase assay is described in Materials and methods. Results are shown as mean values AE S.E.M. (n = 3). The symbol (#) indicates a significant difference (P < 0.05) between the control group and the UVB-irradiated group. The asterisk (*) indicates a significant difference (P < 0.05) between groups treated with UVB irradiation and naringenin and the group treated with UVB alone.
genin (3, 3 0 ,4 0 ,5,5 0 ,7-hexahydroxyflavone) (Fig. 1A) is one of the major flavonoids found in several foods, including citrus. Naringenin was reported to decrease lung fibrosis and metastasis by down-regulating transforming growth factor-b1 and regulatory T cells in C57BL/ 6 mice [16] . In a recent study, dietary supplementation with naringenin suppressed adiposity by increasing hepatic peroxisome proliferator-activated receptor alpha protein expression and decreasing plasma triglycerides in male Long-Evans hooded rats [17] . In addition, the results from another study suggest that naringenin is a promising natural flavonoid for preventing skin ageng and carcinogenesis because of its protective effects against UVB-induced apoptosis and cyclobutane pyrimidine dimers, which subsequently enhances long-term survival of human HaCaT cells after UVB irradiation [18] . These accumulated data provide evidence showing that naringenin might be an effective anti-photoaging agent against UV irradiation, but the underlying mechanism and target(s) of naringenin remain unclear.
In this study, we show that naringenin suppresses UVBinduced MMP-1 expression and AP-1 activity. These effects resulted from decreased FRA1 stability, which occurs when FRA1 phosphorylation at Ser265 is blocked through the direct repression of ERK2 activity.
Materials and methods

Reagents and antibodies
Naringenin (95%), and chemical reagents, including Tris, NaCl, SDS and cycloheximide (CHX) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Specific antibodies against MMP-1 were purchased from Upstate Biotechnology (Lake Placid, NY, USA). Antibodies specific to detect Ser217/221-phosphorylated MEK, total MEK, Thr359/ Ser363-phosphorylated p90 RSK , total p90 RSK , Tyr180/182-phosphorylated p38, total p38, Ser63-phosphorylated c-Jun, total c-Jun, total cFos and Ser265-phosphrylated FRA1 were from Cell Signaling Biotechnology (Beverly, MA, USA). Antibodies specific to Thr202/ Tyr204-phosphorylated ERK1/2, total ERKs, total FRA1, alpha tubulin and lamin B were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The antibody against b-actin was obtained from Sigma-Aldrich. The recombinant active ERK2 protein was obtained from Upstate Biotechnology. CNBr-Sepharose 4B, glutathione-Sepharose 4B, [c- 32 P] ATP and the chemiluminescence detection kit were purchased from GE Healthcare (Piscataway, NJ, USA). The protein assay kit was obtained from Bio-Rad Laboratories (Hercules, CA, USA).
Cells culture, UVB exposure and transfection
The normal human epidermal HaCaT keratinocyte cell line and the normal BJ human fibroblast cell line were maintained in DMEM containing 10% foetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA, USA), 100 U/ml of penicillin, 100 mg/ml of streptomycin and Eagle's minimum essential medium (MEM) supplemented with 10% FBS and antibiotics, respectively, at 37°C in a 5% CO 2 humidified incubator. UVB irradiation was applied using a bank of 4 Westinghouse F520 lamps (National Biological, Twinsburg, OH, USA) at 6 J/sec./m light in the UVB range. Approximately, 10% of the remaining radiation from the F520 lamp was in the UVA region (320 nm). The UVB exposure chamber was fitted with a Kodak Kodacel K6808 filter to eliminate all wavelengths below 290 nm. UVB radiation was measured using a UVX radiometer (UVX-31). Transfection was performed with JetPEI (Polyplus-Transfection, Inc., New York, NY, USA) following the manufacturer's protocol. The cells were cultured for 36-48 hrs and proteins extracted for further analysis. DNA used for CA-MEK1 and DN-ERK2 was prepared as described in a previous report [19] .
Western blot analysis
For MMP-1 expression, cells were either treated or not treated with naringenin at the indicated concentrations (5 or 10 lM) for 1 hr, followed by UVB irradiation (0.5 kJ/m 2 ). Aliquots of cell-free supernatant fractions were collected 48 hrs after treatment. Then, 50 lg of protein were incubated with the MMP-1 antibody at 4°C overnight. For other protein analysis, cells were either treated or not treated with naringenin at the indicated concentrations (5 or 10 lM) for 1 hr, followed by UVB irradiation (0.5 kJ/m 2 ) and disruption with lysis buffer [11] . Other processes were followed as reported previously [11] .
3-D organotypic culture
Construction and maintenance of organotypic skin cultures were performed essentially as described previously [20, 21] with certain modifications. Briefly, 3 ml of a collagen mixture containing 109 DME (0.3 ml), FBS (0.3 ml), 1 M NaOH (5 ll), collagen (1.7 ml), Fibroblast 650 (2 9 10 6 /ml) and DME (0.6 ml) were added onto a cell-culture insert (# 161395; Nunc, Waltham, MA, USA) and allowed to gel by incubation for 1 hr at 37°C. After incubation, DMEM supplemented with 10% FBS [20] was added both above and below the collagen gel. After removing the media on top of the gel, keratinocytes (5 9 10 5 ) were seeded onto the top surface. Thereafter, cells were treated or not treated with naringenin (5 or 10 lM) followed by UVB irradiation (0.5 kJ/ m 2 ) every day. After 10 days, the 3-D organotypic culture was blocked with paraffin and sections (5 lm thick) of 10% neutral-formalin-solution-fixed, paraffin-embedded tissues were cut on silane-coated glass slides for immunofluorescence analysis.
Luciferase assay for AP-1 transactivation
Confluent monolayers of HaCaT cells stably transfected with an AP-1 luciferase plasmid [22] were harvested, and 8 9 10 3 viable cells suspended in 100 ll of 10% FBS/DMEM were added to each well of a 96-well plate. Plates were incubated at 37°C in 5% CO 2 . When cells reached 80-90% confluence, they were starved by culturing in 0.1% FBS-DMEM for another 24 hrs. The cells were treated for 1 hr with naringenin before exposure to UVB (0.5 kJ/m 2 ), and then incubated for an additional 5 hrs. Cells were disrupted with 100 ll lysis buffer [11] and luciferase activity was measured using a luminometer (Luminoskan Ascent; Thermo Electron, Helsinki, Finland). 
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UV irradiation of hairless mice
The animal experimental protocol (SNU-120614-3) was approved and animals were maintained under specific pathogen-free conditions based on the guidelines established by the Animal Care and Use Committee of Korea Food Research Institute. Female SKH-1 hairless mice (5 week old; mean bw, 25 g) were purchased from Central Laboratory Animal lnc. (Seoul, Korea). Animals were acclimated for 1 week prior to the study and had free access to food and water. The animals were housed in climate-controlled quarters (24°C at 50% humidity) with a 12 hrs light/dark cycle. The UVB radiation source (Bio-Link crosslinker; Vilber Lourmat, Torcy, France) emitted at wavelengths of 254, 312 and 365 nm, with peak emission at 312 nm. SKH-1 mice were divided into six groups of five animals each: an untreated control group; a UVBtreated group; two groups treated with UVB and different doses of naringenin; and one group treated with UVB and ATRA. We first measured the minimal erythema dose (MED) on mouse dorsal skin and defined 45 mJ/cm 2 as one MED. The dorsal skin of hairless mice was exposed to UVB 3 times a week and the irradiation dose was increased weekly by 1 MED to 4 MED, and then maintained at 4 MED until 15 weeks.
Determination of wrinkle area
After 15 weeks of treatment with naringenin, skin surface impressions were measured using silicon rubber (Silflo Dental Impression Materials, Potters Bar, UK) and analysed with Visioline VL650 (CK Electronics GmbH, Cologne, Germany).
Evaluation of trans-epidermal water loss and skin hydration
Trans-epidermal Water loss (TEWL) and skin hydration of the mouse dorsal skin was measured with MoisturMap MM100, which was mounted on a Multi Probe Adapter MPA5 (CK Technology sprl, Rue de Maestricht, Belgium) and maintained at 20°C (AE2°C) and 50% (AE5%) humidity for 1 hr on the day before euthanasia for further experiments. TEWL and skin hydration were measured by vertically placing each probe on the dorsal skin of the mice, who were under anaesthesia. When the standard deviation of five or six continuously measured values was under 0.1, the average of the last five measured values was defined as the TEWL and skin hydration value for each mouse.
Immunofluorescence
Five micro meter-thick sections of paraffin-embedded organotypic cultures and skin tissues were cut using a microtome and air-dried at room temperature overnight. Paraffin sections were de-paraffinized using xylene and then hydrated in descending grades of ethanol in distilled water, after which antigen retrieval was performed by heating samples at 95-100°C in 10 mM citrate buffer at pH 6 for 10 min. For immunofluorescence, sections from organotypic cultures were permeabilized and blocked at room temperature by incubating in PBS containing 0.02% Tween 20 and 1% bovine serum albumin (BSA) for 1 hr. Incubation with primary antibody diluted in PBS containing 3% BSA was performed at 4°C overnight. Secondary Texas red (Santa Cruz Biotechnology) antibodies were added at a 1:1000 dilution for 1 hr at room temperature. DAPI (1:10,000) was used as a nuclear stain. Sections were examined and photographed using either a Leica DM5000B fluorescence microscope (Leica, Wetzlar, Germany) or a Zeiss LSM 510s confocal microscope (Zeiss, Oberkochen, Germany). Images were analysed using Photoshop (Adobe, San Jose, CA, USA) software.
RT-PCR
Total RNA was isolated using the RNeasy â Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. Reverse transcription of RNA was performed with the QuantiTect â Reverse Transcription Kit (Qiagen). First-strand cDNA was prepared from 1 lg of total RNA. The real-time PCR reaction was performed in a volume of 25 ll containing 0.1 lg of cDNA, 1 lM of each primer (FRA1 sense 5 0 -GAG CTG CAG TGG ATG GTA CA-3 0 and antisense 5 0 -TGT ACC ATC CAC TGC AGC TC-3 0 ), and 29 Rotor-Gene SYBR â Green master mix. The thermal cycling was carried out in a Rotor-Gene Q (Qiagen) with a program of 95°C for 5 min., followed by 40 cycles with denaturation at 95°C for 5 sec., annealing and elongation at 60°C for 10 sec. The gene expression levels were normalized to the expression level of the actin housekeeping gene (human actin sense 5 0 -GAC GAT ATT GCC GCA CT-3 0 and antisense 5 0 -GAT ACC ACG CTT GCT CTG AG-3 0 ). Relative gene expression changes, calculated using the 2 ÀΔΔCT method, are reported as number-fold changes compared to those in the control samples.
Preparation of naringenin-Sepharose 4B beads
A preparation of naringenin-Sepharose 4B freeze-dried powder (0.3 g) was suspended in 1 mM HCl and the coupled solution [0.1 M NaHCO 3 (pH 8.3) and 0.5 M NaCl] was mixed. The mixture was rotated endover-end at 4°C overnight. The medium was transferred to 0.1 M TrisHCl buffer (pH 8.0) and rotated end-over-end at 4°C overnight. The medium was washed 3 times with 0.1 M acetate buffer (pH 4.0) containing 0.5 M NaCl followed by a wash with 0.1 M Tris-HCl (pH 8.0) containing 0.5 M NaCl.
In vitro MEK1 and ERK1/2 kinase assays
The in vitro MEK1 and ERK1/2 kinase assays were performed in accordance with the instructions provided by Upstate Biotechnology. In brief, every reaction solution contained 25 ll of assay reaction buffer [23] and a magnesium-ATP cocktail buffer. For MEK1, 1 lg of inactive ERK2 peptide was included. A 4 ll aliquot was removed after incubating the reaction mixture at 30°C for 15 min., to which 20 lg of myelin basic protein substrate peptide for ERK2 and 10 ll of diluted [c- 32 P] ATP solution were added. For ERK1/2, 0.33 mg/ml of myelin basic protein substrate peptide was included. A 4 ll aliquot was removed after incubating the reaction mixture at 30°C for 15 min., to which 10 ll of diluted [c- 32 P] ATP solution were added. This mixture was incubated for 10 min. at 30°C, and then 25 ll aliquots were transferred onto p81 paper and washed three times with 0.75% phosphoric acid for 5 min. per wash and once with acetone for 2 min. The radioactive incorporation was determined using a scintillation counter. The effects of naringenin or ATRA were evaluated by separately incubating each compound with the reaction mixtures at 30°C for 15 min. Each experiment was performed three times.
Co-precipitation and ERK2 kinase assay
For immunoprecipitation, cells were either treated or not treated with naringenin at the indicated concentrations (5 or 10 lM) for 1 hr, followed by irradiation with UVB (0.5 kJ/m 2 ) and disruption with lysis buffer [11] . Lysate protein (500 lg) was cleared by A/G beads (20 ll) for 1 hr at 4°C in advance. The mixture was centrifuged at 16,128 g for 5 min. at 4°C, and the supernatant fraction was added to an ERK2 antibody (20 ll) and gently rocked overnight at 4°C. The pellets were suspended in kinase buffer [11] supplemented with 10 ll of diluted [c- 32 P] ATP solution and 10 ll of myelin basic protein. Reactions were conducted at 30°C for 30 min. and incorporated radioactivity was determined using a scintillation counter.
Molecular docking
We used the Glide program for the docking study. The coordinates for the receptor co-crystal structure (ERK2, PDB entry: 2OJG) were obtained from the protein databank. After removing all of the crystallographic water molecules, the protein structure was corrected by adding the missing atoms and then energy minimized with the OPLS-AA force field. In the crystal structure, the co-factor was bound to the ATP-binding pocket. For docking of naringenin, a rectangular box surrounding the center of mass of the co-factor in 2OJG.pdb (or the ATP-binding pocket) was used to define the binding site. Glide has the capability to dock with different levels of precision scoring function. We used the extra precision (XP) scoring function, which provides the highest level of precision for ligand-binding affinities. The final poses obtained from the Glide XP docking and their docking scores were used for structural analysis of the protein-ligand complex.
Statistical analysis
Data are expressed as mean values AE S.E.M. or S.D. as indicated. Statistical significance was determined using one-way ANOVA tests. Differences were considered significant at P < 0.05. All analyses were performed with Statistical Analysis Software (SAS, Inc., Cary, NC, USA).
Results
Naringenin inhibits UVB-induced MMP-1 expression and AP-1 activity
Because abnormal induction of MMP-1 plays an important role in UVinduced photoaging through its degradation of collagen in dermal skin [1] , we first examined the effect of naringenin on UVB-induced MMP-1 expression in human HaCaT cells. Naringenin (Fig. 1A) significantly inhibited UVB-induced MMP-1 expression, and its inhibitory effect on MMP-1 expression was similar to ATRA, an FDA approved RSK and p38 MAPK proteins and total c-Fos were determined by Western blot analysis as described in Materials and methods. Data are representative of three independent experiments that gave similar results. (B) Naringenin inhibits UVBinduced FRA1 expression in the nuclear fractions of HaCaT cells. Cytosolic and nuclear fractions were isolated as described in Materials and methods. FRA1 expression was detected in the cytosol and nucleus with specific antibodies. Tubulin and lamin B were used as a cytosolic and nucleic protein marker and loading controls respectively. Data are representative of three independent experiments that gave similar results. anti-wrinkle agent (Fig. 1B) . To further confirm the effect of naringenin on UVB-induced MMP-1 expression, we used 3-D human skin equivalent cultures. Immunofluorescence data showed that treatment with naringenin suppressed UVB irradiation-induced MMP-1 expression (red colour) in human keratinocyte lesions (Fig. 1C) . We further examined the activity of AP-1, which is considered to be a major transcription factor for the MMP-1 gene [3, 22] . Both naringenin and ATRA significantly reduced UVB-induced transactivation of AP-1 luciferase activity in HaCaT cells stably transfected with an AP-1 luciferase plasmid (Fig. 1D ), which agreed with previous findings [1] .
Naringenin suppresses UVB-induced phosphorylation of p90 RSK and FRA1 expression
Because ERKs signalling is a major regulator of FRA1 [7, 8, 24] , we investigated the possibility that naringenin could affect ERKs signalling. Results indicated that naringenin markedly inhibited UVB-induced p90 RSK phosphorylation ( Fig. 2A) . We also found that naringenin attenuated UVB-induced FRA1 expression (Fig. 2B) , whereas the phosphorylation and expression of c-Jun were not affected ( Fig. 2A) .
Naringenin inhibits UVB-induced FRA1 phosphorylation and decreases stability
Western blot assay data showed that naringenin suppressed UVBinduced FRA1 phosphorylation at Ser265 as well as FRA1 protein expression (Fig. 3A) . We also investigated the possibility that naringenin regulates FRA1 at the transcriptional level. However, treatment with naringenin had no effect on FRA1 mRNA levels (Fig. 3B) . Based on this result and the fact that inhibition of FRA1 phosphorylation at Ser265 affects protein stability [7] , we have been suggested that naringenin might influence FRA1 protein stability. To test our hypothesis, we examined FRA1 protein stability using CHX. Results indicated that FRA1 protein levels remained constant for 1 hr after co-treatment with UVB and CHX (Fig. 3C) . However, treatment with naringenin or U0126, a MEK inhibitor, decreased FRA1 protein levels compared to the untreated group (Fig. 3D) .
Naringenin directly inhibits ERK2 activity in vitro and ex vivo
Because p90 RSK expression was markedly suppressed by naringenin, we have been suggested that naringenin might directly inhibit ERK1 or 2 activity. An ERK2 kinase assay and immunoprecipitation and kinase assay results each showed that naringenin inhibited UVB-induced ERK2 activity in vitro and in HaCaT cells (Fig. 4A and B) . A pull-down assay with naringenin-conjugated Sepharose 4B beads revealed that naringenin directly binds to ERK2 in an ATP-competitive manner (Fig. 4C and D) . However, naringenin had no effect on ERK1 or MEK1 activity (Fig. 4E  and F) .
Inhibition of ERK signalling suppresses FRA1 phosphorylation and expression as well as MMP-1 expression
To confirm the influence of ERK2 and FRA1 signalling on MMP-1 expression, we used a constitutively active MEK (CA-MEK) plasmid, a dominant-negative ERK2 (DN-ERK2) plasmid, or the pharmacological Fig. 4 Effect of naringenin on MEK1 or ERK1/2 activity. (A and B) Naringenin inhibits ERK2 activity both (A) in vitro and (B) ex vivo. HaCaT cells were treated with naringenin as for Western blot assay conditions. Data are represented as mean values AE S.D. as determined from three independent experiments. For A, the asterisk (*) indicates a significant difference (P < 0.05) between the control group and the naringenin-treated group. For B, the asterisk (*) indicates a significant difference (P < 0.05) between groups irradiated with UVB and treated with naringenin and the group exposed to UVB alone. (C) Naringenin directly binds to ERK2 in HaCaT cells. The ex vivo binding of naringenin and ERK2 was confirmed by immunoblotting using an antibody to detect ERK2. The first lane (input control): whole-cell lysate from HaCaT cells; second lane (control): a lysate of HaCaT cells precipitated with Sepharose 4B beads as described in Materials and methods; third lane: wholecell lysate from HaCaT cells precipitated by naringenin-Sepharose 4B affinity beads as described in Materials and methods. (D) Naringenin directly binds to ERK2 in an ATP-competitive manner. The mixtures including active ERK2, ATP (10 or 100 lM), and naringenin-Sepharose 4B beads were incubated at 4°C overnight with shaking. After washing, the pulled-down proteins were detected by Western blotting. Lane 1: ERK2 protein; lane 2: negative control, ERK2 cannot bind with Sepharose 4B beads; lane 3: positive control, ERK2 binds with naringeninSepharose 4B beads; lanes 4 and 5: increasing amounts of ATP decreased naringenin binding with ERK2. Each experiment was performed 3 times. (E and F) Naringenin has no effect on ERK1 or MEK1 kinase activity. Data are represented as mean values AE S.D. as determined from three independent experiments. 
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MEK inhibitor, U0126. The results showed that CA-MEK induced FRA1 phosphorylation and expression as well as increased MMP-1 expression, whereas DN-ERK2 had no effect on FRA1 or MMP-1 (Fig. 5A) . In addition, inhibition of ERKs signalling using the U0126 compound also suppressed UVB-induced FRA1 phosphorylation and expression and also decreased MMP-1 expression (Fig. 5B) . Computer modelling results indicated that naringenin docks into the ATP pocket of ERK2 (Fig. 5C and D) .
Naringenin suppresses UVB-induced wrinkle formation, TEWL and MMP-13 expression in vivo
The SKH-1 hairless mouse model has been recommended to investigate the anti-photoaging effects of natural phytochemicals [25] . We adopted this model to determine whether naringenin could prevent photoaging caused by long-term exposure to UVB. Chronic irradiation of mouse skin to UVB induced wrinkle formation and treatment with naringenin significantly suppressed UVB-induced wrinkle formation (Fig. 6A and B) . Notably, the inhibitory effect on UVB-induced wrinkle formation was similar to that of ATRA (Fig. 6A and B) . In addition, naringenin suppressed UVB-induced epidermal water loss (Fig. 6C ) and increased water content (Fig. 6D) compared to the group treated with only UVB. Immunofluorescence analysis for MMP-13 clearly showed that naringenin strongly suppressed UVB-induced MMP-13 expression in mouse skin (Fig. 6E) .
Discussion
Accumulating evidence from in vivo human skin studies has shown that ATRA suppresses UV-induced premature skin ageing, referred to as photoaging, by inhibiting MMP-1 expression [1, 26] . All-trans retinoic acid, however, can induce retinoic acid syndrome [14] and epidermal hyperplasia, which can lead to excessive scaling [15] . Therefore, effective and safe anti-photoaging agents are still needed. Most natural phytochemicals are considered to be safe for therapeutic applications because of their long history of human consumption [27] . In animal models, we also have shown that certain phytochemicals have anti-skin cancer and anti-wrinkling properties with no side effects [11, 28, 29] . In addition, phytochemicals can act as small molecule inhibitors of cancer [30, 31] . Therefore, targeting wrinkle-inducing signal pathways using natural phytochemicals is a promising strategy for the prevention or attenuation of photoaging.
Matrix metalloproteinase-1 acts as a major mediator of UVinduced photoaging by degrading the collagen in human skin [1, 3] . Therefore, if specific natural phytochemicals suppress UV-induced MMP-1 expression, they could be promising anti-photoaging agents. We found that naringenin effectively inhibits UVB-induced MMP-1 expression in human skin HaCaT keratinocytes and the effect was similar to the effect of ATRA. A study featuring 3-D human skin equivalent cultures also showed that naringenin suppressed UVB-induced MMP-1 expression. Furthermore, naringenin or ATRA significantly The symbols (#) and (###) indicate a significant difference (P < 0.05) and (P < 0.001) between the control group and the UVB-irradiated group. The asterisks (*), (**) and (***) indicate a significant difference (P < 0.05), (P < 0.01), and (P < 0.001) between groups treated with UVB irradiation and naringenin and the group treated with UVB alone. inhibited UVB-induced AP-1 activity. These results suggested that inhibition of UVB-induced MMP-1 expression might be because of suppression of AP-1 transactivation.
According to previous study results, phosphorylation and expression of the c-Jun and c-Fos family proteins play a major role in AP-1 activity and MMP-1 expression [26, 32] . Our observations indicate, however, that naringenin only suppresses UVBinduced FRA1 expression without any measurable effect on c-Jun or p38 phosphorylation. Knockdown of FRA1 reduces Raf1-induced AP-1 activity and MMP-1 expression, implying that FRA1 plays a major role [8] . Therefore, these results indicate that naringenin inhibits UVB-induced AP-1 activity and MMP-1 expression by suppressing FRA1 expression. However, because the mechanism by which UVB-induced FRA1 is influenced by naringenin in human keratinocytes remains unknown, we examined the transcriptional regulation of FRA1. Our RT-PCR data showed that naringenin did not alter FRA1 mRNA levels. A previously published paper suggested that protein degradation is a major regulatory mechanism of FRA1, and phosphorylation of FRA1 at Ser265 is critical for protein stability [7] . Our Western blot assay results show that naringenin suppressed the expression and UVB-induced phosphorylation of FRA1 at Ser265 (Fig. 3A) . Moreover, FRA1 protein stability induced by co-treatment with UVB and CHX was decreased by naringenin or U0126. Others also reported that treatment with an RSK inhibitor, fmk, reduced FRA1 protein levels by 60%, whereas its transcription was unaffected [8, 10] . This evidence and our results indicate that naringenin mediates FRA1 stability by inhibiting phosphorylation at Ser265, subsequently affecting AP-1 and MMP-1 expression.
Our Western blot analysis indicated that naringenin inhibited UVB-induced p90 RSK phosphorylation without affecting ERK1/2 phosphorylation. These results suggested that naringenin might directly target ERK1/2. Indeed, naringenin specifically inhibited ERK2 activity without affecting ERK1 (Fig. 4B) . Moreover, the results of our pull-down assay showed direct binding between ERK2 and naringenin-Sepharose 4B beads. To confirm this result, we performed experiments using CA-MEK and DN-ERK2. CA-MEK induced FRA1 phosphorylation and expression as well as increased MMP-1 expression, whereas DN-ERK2 had no effect. UVB-induced FRA1 phosphorylation and expression as well as MMP-1 expression were strongly inhibited by a specific MEK inhibitor, U0126. In our ERK2 kinase and pull-down assays, naringenin substantially inhibited UVB-induced ERK2 activity by binding to ERK2. Therefore, naringenin could be a major regulator of MMP-1 expression acting by mediating FRA1 and AP-1. Importantly, naringenin suppressed chronic UVB-irradiation-induced wrinkle formation in mouse skin. Although in our previous studies, we observed that chronic UVB (180 mJ/cm 2 ) induced skin tumour development [11] , we did not observe the appearance of skin tumours in our photoaging model. This might have been due to the weekly increase in the UVB dose from 45 mJ/cm 2 (1 MED) to (4 MED). The 4 MED dose was only continued for a short period of time and thus, was not sufficient to induce skin tumours.
The docking conformation of naringenin is shown (Fig. 5C ) in its most favoured binding mode in the ATP site, which is located at the interface between the N-and C-terminal lobes of ERK2. The 4 0 -hydroxyl group of naringenin forms two hydrogen bonds with the hinge region of ERK2 that involves the backbone -CO of Asp104 and the backbone -NH of Met106. Naringenin is further stabilized by a hydrogen bond formed between its chroman-4-one and the -NH 3 of Lys52 in the N-lobe of ERK2 (see close-up view Fig. 5D ). The upper and lower areas of naringenin were stabilized primarily by hydrophobic interactions involving the hydrocarbon side chains of Val, Ala, Leu, and Ile. The gatekeeper residue Gln103, adjacent to naringenin, made favourable hydrophobic interactions with the aromatic ring of naringenin. Thus, the modelling study showed that naringenin could bind to the ATP-binding pocket of ERK2, which is consistent with the experimental observation that naringenin competitively blocks ATP-binding and ERK2 activity.
In summary, we have shown that naringenin strongly inhibited UVB-induced MMP-1 expression in a 3-D human skin equivalent culture and MMP-13 expression and wrinkle formation in SKH-1 hairless mice. This inhibitory effect occurred mainly through the blocking of ERK2 kinase activity, suggesting that ERK2 is a critical target for naringenin in mediating FRA1 stability and AP-1 activity. Therefore, ERK2-mediated FRA1 stability appears to be very important for UVBinduced MMP-1 expression and wrinkle formation. Therapeutic inhibition of ERK2 by naringenin might have preventive effects against photoaging.
